ABSTRACT Secretory vesicles are used during spermatogenesis to deliver proteins to the cell surface. In Caenorhabditis elegans, secretory membranous organelles (MO) fuse with the plasma membrane to transform spermatids into fertilization-competent spermatozoa. We show that, like the acrosomal vesicle of mammalian sperm, MOs undergo acidification during development. Treatment of spermatids with the V-ATPase inhibitor bafilomycin blocks both MO acidification and formation of functional spermatozoa. There are several spermatogenesis-defective mutants that cause defects in MO morphogenesis, including spe-5. We determined that spe-5, which is on chromosome I, encodes one of two V-ATPase B paralogous subunits. The spe-5 null mutant is viable but sterile because it forms arrested, multi-nucleate spermatocytes.
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Vesicular organelles in eukaryotic cells frequently maintain an acidic pH (reviewed by PAROUTIS et al. 2004) that is created by the vacuolar H+-ATPase (V-ATPase). The VATPase is a large (~910 kD) molecular machine that couples ATP hydrolysis to the movement of protons across biological membranes. The V-ATPase has a V 0 -sector that creates the pore for proton translocation through the lipid bilayer and a V 1 -sector, located in the cytoplasm, that is the site of ATP hydrolysis. Each V-ATPase holoenzyme is composed of 14 different subunits, some of which are present in multiple copies (reviewed by TOEI et al. 2010) . In yeast, there is one gene for each V-ATPase subunit, except for the "a" subunit, which is encoded by two genes (reviewed by KANE 2006) .
The physiological properties of the V-ATPase are in part determined by which of these two "a" subunits it contains (KAWASAKI-NISHI et al. 2001) . In humans and other animals, the "a" and other V-ATPase subunits are encoded by more than one gene (reviewed by TOEI et al. 2010) . Subunit diversity presumably allows the V-ATPase to either be customized for a specific function or utilized in a tissue-specific fashion.
In this paper, we use pH sensitive vital dyes and specific inhibitors to show that sperm-specific membranous organelles (MO) use the V-ATPase to acidify their interior as spermatids mature. Pseudopodial extension during spermatid maturation into spermatozoa requires V-ATPase activity, suggesting a mechanistic connection between this process and MO acidification. We examined the microarray data for the 21 VATPase subunits encoded by C. elegans and found that there are two B subunit paralogs with strikingly different patterns of expression (JIANG et al. 2001; REINKE et al. 2000) .
While the X chromosome located vha-12 gene showed somatic expression and the companion paper shows the null phenotype of this gene to be lethal (Ernstrom et al., 2012) , the second gene encoding a B subunit showed up regulated expression during spermatogenesis. We used positional cloning techniques to show that the previously described spe-5 gene, which is on chromosome I (MACHACA and L'HERNAULT 1997), encodes this sperm-expressed B subunit. A null mutation in spe-5 severely affects spermatogenesis, but it is not lethal, so we could examine the role of the V-ATPase during this process. spe-5 mutants have defective MOs (MACHACA and L'HERNAULT 1997) that do not get acidified during development, and immunofluorescence with specific antibodies revealed that SPE-5 is partly located on MOs. Lastly, placing vha-12, driven by its own promoter, in an extrachromosomal array allows this gene to partly rescue the self-sterility associated with spe-5 null mutants, presumably due to VHA-12 misexpression during spermatogenesis. This suggests that SPE-5 and VHA-12 are functionally similar, and that spe-5 may have arisen to allow V-ATPase function during spermatogenesis, when the X chromosome is transcriptionally quiescent (KELLY et al. 2002) .
Materials and methods

Strains, culture and nomenclature
C. elegans var. Bristol (N2) (BRENNER 1974) was the wild-type strain used for most experiments. Culturing, manipulation, and genetic analyses were performed as described (BRENNER 1974 ) except as noted, and standard C. elegans nomenclature was employed . The following genetic markers were used: dpy-5(e61)I (BRENNER 1974), unc-38(x20) I (LEWIS et al. 1980) , mat-1(ax212)I (GOLDEN et al. 2000) , fer-1(b232 (L'HERNAULT et al. 1988), fem-3(q23gf) IV (BARTON et al. 1987 IV, him-8(e1489) IV, IV (L'HERNAULT et al. 1993 V (HODGKIN et al. 6 1979) , let-44(mg41)X and lon-2(e678)X (BRENNER 1974) . spe-5 is located on chromosome I and six alleles, eb29, eb30, hc93, hc110, oz3 and oz46 have been described previously (L'HERNAULT et al. 1988; MACHACA and L'HERNAULT 1997) . The spe-5(ok1054) deletion allele was provided by the C. elegans Knockout Consortium. The balancer chromosomes sDp2 (HOWELL et al. 1987 dpy-5(e61) I/hT2 [bli-4(e937) let-?(q782) ) covers both let-44 and lon-2.
Genetic mapping and cloning of spe-5
Prior work placed spe-5 between unc-38 and dpy-5 (MACHACA and L'HERNAULT 1997).
We mapped spe-5 left of mat-1 (see www.WormBase.org), which is located at -0.4 (SHAKES et al. 2003) , and relative to single nucleotide polymorphisms (SNPs) (JAKUBOWSKI and KORNFELD 1999) . Primers (Table S1 ) were used to PCR amplify intervals between unc-38 and mat-1 from both the N2 and CB4856 Hawaiian (HI) strains (HODGKIN and DONIACH 1997) . These PCR products were sequenced and aligned to the complete N2 genomic sequence (ABBOTT et al. 1998) to identify single nucleotide polymorphisms (SNPs; see Table S2 ) useful for mapping (JAKUBOWSKI and KORNFELD 1999) . As summarized in Table S3 , 20 recombinant worm strains were isolated from unc-38(x20) spe-5(hc10) dpy-5(e61) / + (HI) F1 and used for SNP mapping.
Sperm cytological analyses
Individual hermaphrodites were picked to separate plates, transferred daily, and progeny and oocytes were counted until the worms stopped laying (L'HERNAULT et al. 1988) .
Males that either were or were not spe-5(ok1054) I and either him-5(e1490)V, dpy-5(e61)I, or him-8(e1489) IV were analyzed; these him and dpy mutations did not obviously affect sperm cytology, consistent with earlier observations (e.g., L 'HERNAULT et al. 1988) . Individual males were dissected in 5-10 µl of 1X sperm medium (50 mM HEPES pH 7.8, 25 mM KCl, 45 mM NaCl, 1 mM MgSO 4 , 5 mM CaCl 2 ) supplemented with 10 mM dextrose (SM pH 7.8/dextrose; MACHACA et al. 1996) . Spermatids were activated to become spermatozoa in vitro with Pronase or triethanolamine (TEA; L' HERNAULT and ROBERTS 1995; WARD et al. 1983) . The vital dyes LysoSensor Yellow/Blue DND-160 or LysoSensor Blue DND-192 were used to stain membranous organelles (MOs). These dyes were provided at 1 mM (in dimethyl sulfoxide) from the manufacturer (Molecular Probes, Eugene, OR) and they were diluted to 1-10 µM into SM pH 7.8/dextrose just before use. The fungal toxin bafilomycin A1 (LC Laboratories, Woburn, MA) was prepared as a 25 mM stock in dimethyl sulfoxide and diluted to 25 µM in SM pH 7.8/dextrose. Males were dissected in SM pH 7.8/dextrose containing a LysoSensor vital dye, either with or without bafilomycin and/or the TEA activator, and incubated in a moist chamber for 15 minutes, after which slides were sealed with silicone grease and viewed.
An Olympus BX60 equipped with either a Plan-Apo 1.4 NA 60X or a 1.35 NA 100X oil-immersion objective lenses or a Zeiss Axiophot compound microscopes equipped with either a Plan-Apo 1.4 NA 63X or a 1.4 NA 100X oil-immersion objective lenses was used to view sperm. Inc. , Denver, CO). Resulting images were subject to a nearest neighbor deconvolution algorithm and exported as 16 bit tif images. Images were compiled using Canvas 9 (ACD Systems, Miami, FL) or PhotoShop CS3 (Adobe Systems Inc., San Jose, CA). The deconvolved images in Figure 8 are shown as individual slices for the red, green and red/green/blue triple overlays and, also, as complete Z-axis stacks for the triple overlay.
Real-time PCR
Total RNA was isolated from him-5(e1490) males, him-5(e1490) hermaphrodites, spe-
3(q23gf) hermaphrodites with a masculinized germline, and fem-3(e1996 lf)
hermaphrodites with a feminized germline. For each genotype, 30 adult worms were picked into 10 µL of a 1:10 dilution of worm lysis buffer (50 mM KCl, 10 mM Tris-Cl pH 8.3, 2.5 mM MgCl2, 0.45% NP-40, 0.45% Tween-20) and frozen in liquid N 2 . The frozen worms were treated with Trizol/chloroform, RNAse free glycogen was added as carrier and RNA was precipitated with isopropanol (see http://www.pristionchus.org/wiki/index.php/RNA_preparation_from_few_worms). RNA was resuspended in RNase/DNase-free water. cDNA was synthesized using 200 ng of total RNA template with the iScript cDNA synthesis kit (Bio-Rad, Richmond, CA).
qRT-PCR was performed with 10 ng of total cDNA using the SsoFast EvaGreen Supermix (Bio-Rad) in a Bio-Rad CFX-96 real-time PCR system. The following primers were used to amplify cDNA levels: spe-5 (prMH26 and prMH27), vha-12 (prMH24 and prMH25), and rpa-1 (prMH30 and prMH31; see Table S1 ). The RNA sequences of spe-5 and vha-12 are >75% identical throughout most of their sequences (not shown), so primers were designed to unique regions that showed no cross hybridization between these two paralogous sequences. A dilution series of him-5 hermaphrodite cDNA was used to calculate an arbitrary amount for each sample and primer set. The arbitrary amounts were normalized to the standard, which was the ubiquitously expressed mRNA (rpa-1; (SPIETH et al. 1991) , and the results were plotted as fold difference. RNA was isolated three independent times for worms of each genotype. The three RNA sample prepared for each worm genotype were each subject to quantitative, reverse transcription (qRT) -PCR in triplicate (nine PCRs) and error bars representing standard error of the mean are shown.
Synthesis of cDNA and expression constructs
Total RNA was prepared from fem-3(q23gf) masculinized hermaphrodites (BARTON et al. 1987 ) and used to create cDNA libraries according to published procedures (GLEASON et al. 2006) . The 5' end of the spe-5 gene was amplified from the cDNA library by a nested PCR reaction using the Clontech SMART II primer and spe-5 gene specific reverse primers PDHLa, PDHLb and PDHLa2 (Table S1 ). The 3' end of the spe-5 gene was amplified by a nested PCR reaction using the Clontech CDS primer and two spe-5 gene specific forward primers PDHRa and PDHRb (Table S1 ).
Three C. elegans full-length cDNA constructs were used to create bacterial expression constructs for spe-5, vha-12 (F20B6.2, a spe-5 paralog) and W05B10.1 (histone 3.3) by previously described techniques (GLEASON et al. 2006) .
Construction of a vha-12 transgene
The plasmid pRW05 was created by cutting the recombinant cosmid C04E10 insert with ApaLI and subcloning the 6,592 ApaLI fragment that included the vha-12 coding sequence (F20B6.2) into the Litmus 28 plasmid vector (New England Biolabs, Ipswich, MA). pRW05 has 3,029 bp 5' to the vha-12 start codon and 1,933 bp 3' to the stop codon (1,520 bp 3' from the end of the predicted transcript for vha-12). pRW05 (2 µg/ml), pPD118.20 (10 µg/ml; 1997 Fire Lab Vector Kit), a plasmid that contains the myo-3 body-wall muscle promoter driving GFP, and carrier pBluescript II KS+ (76 µg/ml; Stratagene) were microinjected into let-44(mg41) lon-2(e678) X; mnDp31(X; f) hermaphrodites by standard techniques (MELLO and FIRE 1995) . Lon animals that were GFP+ were selected to recover the oxEx551 extrachromosomal transgenic array; let-44(mg41) proved to be an allele of vha-12 (R. Weimer and E. Jorgensen, personal communication).
DNA sequencing
DNA sequencing was performed at either Iowa State University or the University of Michigan using standard ABI (Perkin-Elmer Corp, Foster City, CA) automated fluorescent sequencing methods for polymerase chain reaction (PCR) products. Genomic DNA was prepared from picked spe-5 homozygous mutants (BARSTEAD et al. 1991 ) and used to PCR-amplify the chromosome I Y110A7A.12 gene (Table S1 ). PCR products were pooled, purified using either GeneClean II (Bio 101, Carlsbad, CA) or the Qiaquick PCR purification kit (Qiagen, Inc., Valencia, CA) and sequenced in order to identify the mutant lesions.
Antisera preparation
We screened preimmune sera by immunoblot and immunofluorescence and identified rabbits that did not react with C. elegans proteins. Peptides CTNHRTALIQNYSTKPKLT and CGRNNETVN respectively corresponded to residues 23-40 and 211-218 of the SPE-5 polypeptide sequence (Figure 4) , except for the underlined N terminal cysteine. Peptide sequences were selected based on antigenic probability (HOPP and WOODS 1983) and low sequence identity to the C. elegans VHA-12 paralog. The N-terminal cysteine was used to conjugate these peptides to keyhole limpet hemocyanin (KLH) carrier protein. Each conjugated peptide was used to immunize two rabbits using standard protocols (Zymed Laboratories Inc., South San Francisco, CA), and only the polyclonal antiserum R1 (from a rabbit immunized with the 23-40 peptide) proved specific. Affinity purification of SPE-5 antiserum R1 was performed as described previously (GLEASON et al. 2006 ) and the glycine-eluted fraction was used for all experiments.
For monoclonal antibody production, a multiple antigen peptide (MAP) TEASEINLSDIKPIDVNTPITNHRTALIQ (residues 2-31) was synthesized (TAM 1989) and used to immunize mice. Tail bleeds were screened for MAP reactivity, the spleen from a reactive mouse was excised and individual splenocytes were fused to multiple myeloma cells by polyethylene glycol mediated fusion. Resulting hybridomas were screened with the MAP by limit dilution screening and one reactive cell clone was recovered. This clone was grown in Dulbecco's modified Eagle's medium with hypoxantine/amonopterin/thymine selection and the culture supernatant, referred to below as the SPE-5 monoclonal antibody (Mab), was used in the experiments described in this paper.
Immunoblots
The C. elegans SPE-5, VHA-12 and histone 3.3 (W05B10.1) fusion proteins were prepared from recombinant BL21 (DE3) Codon Plus RIPL E. coli (Stratagene) that were induced with 1 mM IPTG at 25 o . One ml of induced cultures was pelleted by centrifugation, resuspended in 100 µl 2X Laemelli sample buffer (LAEMMLI 1970) , boiled for 5 minutes and 20 µl aliquots were loaded onto gels. Larger scale SPE-5 fusion protein purification or sperm lysates, and Western blotting were as described previously (GLEASON et al. 2006) . Western blots were probed with a monoclonal antibody to the c-MYC epitope (2 ng/ml; Clontech; used to confirm the authenticity of the SPE-5::Myc fusion protein; not shown), SPE-5 R1 glycine affinity purified primary antibody (5 or 50 µg/mL) or the SPE-5 Mab (1:1000) followed by a goat anti-rabbit (R1) or goat antimouse (c-MYC and SPE-5 Mab) IgG HRP conjugated secondary antibody at 1:5000 (BioRad). ECL Plus (GE Healthcare) and BioMax MS Film (Kodak) were used for signal detection.
Immunocytochemistry
Sperm from male worms were prepared for immunohistochemistry by modifications to the freeze/crack methanol fixation method (MILLER and SHAKES 1995) . Dissections of worms were performed on Colorfrost/Plus microscope slides (Fisher Scientific, Pittsburgh, PA) to facilitate adhesion. The SPE-5 Mab was incubated with samples overnight at a 1:1000 dilution for all immunofluorescent experiments described in this paper. The secondary antibody was a goat antimouse IgG conjugated to horseradish peroxidase (Molecular Probes, Eugene, OR), and visualization was by 5 minutes of tyramine signal amplification (TSA; BOBROW et al. 1989; CHAO et al. 1996) with Alexa
Fluor 488 conjugated to tyramine (Invitrogen). Mouse monoclonal antibody 1CB4 (ARDUENGO et al. 1998; OKAMOTO and THOMSON 1985) 
Results
Secretory vesicles become acidified during C. elegans spermatogenesis
During C. elegans spermatogenesis, unusual secretory vesicles named fibrous bodymembrane organelles (FB-MOs) play a major role in the accumulation and transport of macromolecules into developing spermatids ( The secretory role shown by MOs ( Figure 1E ) suggests that they could be related to lysosomes or the acrosome (which are found in flagellated sperm), both of which can fuse with the cell surface (reviewed by LUZIO et al. 2007; MORENO and ALVARADO 2006) . Lysosomes and the acrosome can both be stained with acidotropic vital dyes (CODELIA et al. 2005; LIN et al. 2001; LIN et al. 2003; SUN-WADA et al. 2002) and we tried this approach to determine if FB-MO secretory vesicles maintain an acidic interior.
We screened a variety of pH-sensitive fluorescent vital dyes and three useful ones were discovered: LysoTracker Blue DND-192, LysoTracker Green DND-26 and LysoSensor
Yellow/Blue (Y/B). These dyes fluoresce maximally under low pH conditions (Molecular Probes/Invitrogen, Carlsbad, CA) and all showed similar staining patterns.
Developing wild type sperm show a remarkable staining pattern after treatment with LysoSensor Y/B (Figures 2A & B) . Primary spermatocytes (1 in Figure 2B ), secondary spermatocytes (2 in Figure 2B ) and budding spermatids (3 in Figure 2B ) all show a blue staining pattern that is both uniform and dim. Spermatids (4 in Figure 2A )
that have separated from the residual body (rb) have bright blue dots superimposed on dim background staining (4 in Figure 2B ). Certain spermatogenesis-defective (spe or fer) mutants change the position and/or function of sperm secretory vesicles, and they were examined to help determine the identity of the above-described blue dots. The fer-1 mutant makes MO secretory vesicles, but they do not fuse with the cell surface when a pseudopod is extended (WARD et al. 1981 
Acidification of MO secretory vesicles and sperm activation require V-ATPase function
The above data indicate that secretory vesicles are acidified in a manner that is coordinated with spermatogenesis. We found that treating developing spermatids with bafilomycin A1, a specific inhibitor of the V-ATPase (DROSE and ALTENDORF 1997),
prevented LysoSensor Blue DND-192 staining of the MO secretory vesicles during C.
elegans spermatogenesis (compare cortical dots in the Figure 3B , D control to their absence in Figure 3F , bafilomycin treated). We also attempted to activate spermatids into spermatozoa in the presence of bafilomycin. While control treatment with TEA (WARD et al. 1983 ) causes spermatids to extend a pseudopod and begin to move ( Figure 3I , J), bafilomycin treatment prevents completion of spermatid activation ( Figure 3G, H) .
Instead, bafilomycin-treated spermatids arrest at an intermediate stage (SHAKES and WARD 1989 ) since they extend surface spikes that do not transition into a normal pseudopod (arrows, Figure 3G ). As expected, no detectable MO staining was observed in TEA treated spermatids that became spermatozoa in the absence of bafilomycin ( Figure   3J ) or were inhibited from maturing into spermatozoa by bafilomycin treatment ( Figure   3H ).
A V-ATPase mutant that specifically affects spermatogenesis
The C. elegans genome encodes 21 V-ATPase subunits (See Figure 1A of Figure S1 ; detailed data available on request).
Y110A7A.12 was amplified from the seven spe-5 alleles and each was found to have a unique mutation in this gene (Figure 4 ). The C. elegans Knockout Consortium recovered the spe-5(ok1054) deletion mutation that removes the spe-5 start codon, the first two exons and introns and part of exon three, so it is a candidate null allele. spe-5 is the third gene in an ~4.6 bp operon designated CEOP1216 and the spe-5(ok1054) deletion also removes the 72 bp 5' UTR, including the predicted acceptor for the SL2 spliced leader (that we empirically confirmed by RT-PCR; Figure S2 ), plus another 100 bp of intergenic sequence. Figure 3L , compare to Figure 3D control).
spe-5 expression
We used a qRT-PCR approach to explore the relationship between spermatogenesis and mRNA expression of both spe-5 ( Figure 5A ) and its paralog vha-12 expression is up regulated during spermatogenesis, it is also expressed in one or more other tissues.
Within each of the above-discussed matched pairs of mRNA samples, vha-12
showed none of the expression biases observed for spe-5. However, vha-12 expression was higher in worms with a somatic male phenotype ( Figure 5B , gray bars), as compared to worms with a somatic female phenotype ( Figure 5B , red and green bars), suggesting that one or more male somatic tissues contributed to this signal; males show significant anatomical differences from females in many tissues (EMMONS 2005) .
vha-12 can partially substitute for its spe-5 paralog
Perhaps the small amount (~15%) of sequence differences between SPE-5 and its KELLY et al. 1997) , this vha-12 containing transgene undergoes epigenetic silencing, and its effect on spe-5 associated self-sterility progressively diminished as the strain is propagated (data not shown). Nonetheless, this experiment
shows that vha-12 can, at least partially, substitute for spe-5.
SPE-5 expression during spermatogenesis
We tested our antibodies on bacterially expressed SPE-5, VHA-12 and a histone control to allow rigorous characterization of specificity. Immunoblots of gels containing these crude bacterial lysates reveal that the mouse monoclonal ( Figure 6A ) and the R1 affinity purified rabbit polyclonal antiserum ( Figure 6B ) were both SPE-5 specific and showed no cross-reaction to either VHA-12 or the histone control.
These antisera were then characterized on immunoblots of whole worm lysates prepared from somatically female animals with germlines that produced only oocytes (fem-1lf) or only sperm (fem-3gf). SPE-5 expression apparently occurs at a very low level or was somehow partly masked, so long exposures (~20 minutes) were required to visualize it in whole worm lysates, where a band appears in fem-3gf worms that contain sperm but is missing in fem-1lf worms that never contain sperm (data not shown). The SPE-5 protein is more prominent and easily detected (exposure times of less than 1 minute) in purified sperm (>90% spermatids) that were isolated from fem-3gf worms (arrow, Figure 6C ). The deduced protein sequence of SPE-5 indicates that the MW should be ~56 kDa, and the epitope tagged recombinant clone expressed in bacteria is expected to encode a protein that is ~63 kDa. However, we consistently observed that both the bacterially expressed (with an apparent MW of ~83 kDa) and the worm encoded forms (with an apparent MW of ~68 kDa) of SPE-5 show a significantly higher than expected molecular weight when subjected to SDS gel electrophoresis, perhaps due to anomalous detergent binding as has been observed for a wide variety of other proteins (e.g., RATH et al. 2009 ). Nonetheless, these data suggest that SPE-5 expression occurs during spermatogenesis.
SPE-5 localization in the testes and sperm
We next subjected male gonads from (wild-type like) him-8 control and spe-5(ok1054) him-8 to immunofluorescence with the anti SPE-5 antisera. The R1 affinity purified rabbit polyclonal SPE-5 antiserum yielded only background staining that persisted in spe-5(ok1054) mutant gonads (not shown); it was judged not suitable for immunofluorescence. However, the mouse monoclonal antibody showed that SPE-5 expression was coincident with spermatocytes, where it was distributed throughout the cytoplasm and excluded from the nucleus ( Figure 7C ). A faint mottled pattern was observed in the cytoplasm, suggestive of punctate staining. spe-5(ok1054) him-8 gonads lack spermatocyte staining with the mouse monoclonal antibody, beyond a faint nonspecific background ( Figure 7F ). Neither the control nor the spe-5(ok1054) male gonads had significant staining with the anti-SPE-5 monoclonal antibody in their respective distal gonad arms (d in Figure 7 , compare A to C and D to F), which is where germ cell proliferation occurs (reviewed by KIMBLE and CRITTENDEN 2005) . These data suggest that significant SPE-5 expression occurs during spermatogenesis in the male germline and that spe-5(ok1054) is a molecular null mutant, as would be expected for this deletion mutation.
Subcellular localization of SPE-5 was also performed on sperm released from dissected males. For these studies, the SPE-5 distribution was examined in cells costained with the 1CB4 antibody (OKAMOTO and THOMSON 1985) , which visualizes the MO secretory vesicles and their precursors during spermatogenesis (ARDUENGO et al. 1998) . As spermatocytes bud from the proximal end of the rachis (as in Figure 7 A-C), they enter meiosis I (Figure 8 A) . During meiosis I, SPE-5 appears distributed throughout the cytoplasm, some of it in discrete dots (arrows in Figures 8 A & B) . The second meiotic division occurs just before spermatid formation ( Figure 8C ) and the resulting haploid nuclei segregate into spermatids that bud from the residual body (RB in Figure 8D ). MO secretory vesicles segregate with budding spermatids and are not observed within the residual body as judged by 1CB4 staining (red in Figure 8D ) and as shown previously (ARDUENGO et al. 1998; reviewed by L'HERNAULT 2009; NISHIMURA and L'HERNAULT 2010) . In contrast, SPE-5 staining (green in Figure 8D ) is observed in both spermatids and the residual body (RB in Figure 8D ), and much of the staining in both regions is in discrete dots. Budded spermatids have distinct MOs just below their plasma membrane (arrows at red spheres in Figure 8E ). Most of the SPE-5 signal is also localized near the plasma membrane, much of it as discrete dots (green in Figure 8E ) that are adjacent to MOs. In certain favorable regions (arrows in Figure 8E ), it appears that there is one green dot per MO. These observations indicate that SPE-5 is located near the MO secretory vesicles of spermatids, consistent with mediating MO acidification. As expected, no SPE-5 signal above the low non-specific background was detected in terminally arrested spe-5(ok1054) spermatocytes ( Figure 8F ). Additionally, blockage of V-ATPase activity with bafliomycin A1 in wild type spermatids prevents both this acidification and spermatid activation into spermatozoa.
Discussion
Spermatid budding places all ribosomes into the residual body (reviewed by L'HERNAULT 2009), so the V-ATPase activity we observe in MOs cannot be due to de novo protein synthesis in the spermatid. One common way to regulate the V-ATPase is to maintain V 1 in a cytoplasmic pool and to regulate its association with V 0 , as was first shown in Maduca sexta (SUMNER et al. 1995) and is now realized to be a widespread phenomenon (reviewed by BEYENBACH and WIECZOREK 2006) . Much of the observed SPE-5 immunofluorescent signal during spermatogenesis prior to spermatid budding does not obviously localize with FB-MOs ( Figures 8A-C) . In contrast, most SPE-5 is near the plasma membrane in spermatids, suggesting that any V 1 not destined to associate with MOs is discarded in the residual body. One SPE-5 dot is observed next to certain MOs, so it is possible that there is either only one V-ATPase molecule per MO or, perhaps, multiple V-ATPase molecules clustered at one location. However, there are multiple ~800 nm MOs in each 5-6 µm spermatid, so establishing that each MO has only one VATPase dot is beyond the resolution of our light microscopy equipment.
When spermatids become spermatozoa ( Figures 1D & E) , many MO secretory vesicles fuses with the plasma membrane and a single pseudopod is extended ( Figure 1E ; reviewed by L 'HERNAULT 2009; NISHIMURA and L'HERNAULT 2010) . Prior work has
shown that the bulk pH of the cytoplasm rises ~ 0.5 pH unit during spermiogenesis induced by TEA treatment (WARD et al. 1983) , and resulting spermatozoa are fertilization-competent during artificial insemination, indicating that TEA treatment does not adversely affecting sperm physiology (LAMUNYON and WARD 1994) . We found that spermatids do not form a normal pseudopod after TEA treatment when they are simultaneously treated with the V-ATPase inhibitor bafilomycin A1. Instead, spermatid
activation arrests at what is normally an intermediate stage, characterized by extension of fine spike-like processes (SHAKES and WARD 1989) . This suggests that the V-ATPase participates in the bulk cytoplasmic pH rise that occurs during spermiogenesis (WARD et al. 1983 ) and this process is somehow mechanistically linked to pseudopodial extension.
Topologically, the V-ATPase V 1 sector (green, Figure 1D ) must be oriented in the spermatid cytoplasm so that protons move through V 0 (orange, Figure 1D ) in the MO membrane to acidify the MO interior. Our vital dye data indicates that fusion of the MO with the plasma membrane, when a spermatid ( Figure 2D ) matures into a spermatozoon ( Figure 2E ), releases protons within the MO interior to the extracellular space. The fused MOs are permanently opened to the extracellular space ( Figure 1E ) and the V-ATPase would likely be oriented so it could pump additional protons out of the cytoplasm, assuming that V 1 (in green, as in Figure 1D ) remains associated with V 0 (in orange, as in Figure 1D ) at this stage.
Before SPE-5 was known to be a V-ATPase subunit, electron microscopy revealed that FB-MO morphogenesis was severely disrupted in spe-5 mutants, starting in spermatocytes (for wild type, see Figure 1A Caenorhabditis briggsae also encodes two V-ATPase B subunits and, like C.
elegans, the spe-5 ortholog is on chromosome I and the vha-12 ortholog is on the X chromosome (HILLIER et al. 2007; STEIN et al. 2003) . For each nematode species, we used bootstrap methods to create a phylogentic tree and derive an ancestral consensus sequence ( Figure S3A ). SPE-5 had more amino acid changes than did VHA-12 when compared to the ancestral sequence, and these results were true for both species ( Figure S3A and C). Like C. elegans, the C. briggsae vha-12 ortholog is not part of an operon.
The C. briggsae spe-5 ortholog is the third gene in an operon that shows the same The Genbank accession number for C. elegans SPE-5 is NP_491518.1, C. briggsae SPE-5 is CAE65728.1, C. elegans VHA-12 is NP_508711.1, C. briggsae VHA-12 is CAE68535.1, Drosophila is NP_476908.1, human 1 is NP_001683.2, human 2 is AAH30640.1, S. pombe is NP_594623.1 and S. cerevisiae is NP_009685.1. 
